We present the results of a new search for variable stars in the Local Group (LG) isolated dwarf galaxy IC 1613, based on 24 orbits of F475W and F814W photometry from the Advanced Camera for Surveys (ACS) on board the Hubble Space Telescope. We detected 259 candidate variables in this field, of which only 13 (all of them bright Cepheids) were previously known. Out of the confirmed variables, we found 90 RR Lyrae stars, 49 classical Cepheids (including 36 new discoveries), and 38 eclipsing binary stars for which we could determine a period. The RR Lyrae include 61 fundamental (RRab) and 24 first-overtone (FO, RRc) pulsators, and five pulsating in both modes simultaneously (RRd). As for the majority of LG dwarfs, the mean periods of the RRab and RRc (0.611 and 0.334 days, respectively) as well as the fraction of overtone pulsators (f c = 0.28) place this galaxy in the intermediate regime between the Oosterhoff types. From their position on the period-luminosity diagram and light-curve morphology, we can unambiguously classify 25 and 14 Cepheids as fundamental and FO mode pulsators, respectively. Another two are clearly second-overtone Cepheids, the first ones to be discovered beyond the Magellanic Clouds. Among the remaining candidate variables, five were classified as δ-Scuti and five as long-period variables. Most of the others are located on the main sequence, the majority of them likely eclipsing binary systems, although some present variations similar to pulsating stars. We estimate the distance to IC 1613 using various methods based on the photometric and pulsational properties of the Cepheids and RR Lyrae stars. The values we find are in very good agreement with each other and with previous estimates based on independent methods. When corrected to a common reddening of E(B − V ) = 0.025 and true Large Magellanic Cloud (LMC) distance modulus of (m−M) LMC,0 = 18.515 ± 0.085, we find that all the distance determinations from the literature converge to a common value of (m−M) 0 = 24.400 ± 0.014 (statistical) or 760 kpc. The parallel WFPC2 field, which lies within three core radii, was also searched for variable stars. We discovered nine RR Lyrae stars (four RRab, four RRc, and one RRd) and two Cepheids, even though the lower signal-to-noise ratio of the observations did not allow us to measure their periods as accurately as for the variables in the ACS field of view. We provide their coordinates and approximate properties for completeness.
INTRODUCTION
The search for variable stars in IC 1613 started at the beginning of the 1930s with the seminal work of Baade, Hubble, and Mayall, although it was published only later in Sandage (1971) . The discovery of 37 definite Cepheids allowed Baade to calculate the first distance to IC 1613 based on the periodluminosity (PL) relation. The analysis of the faint Cepheids in the same photographic plates was completed by Carlson & Sandage (1990) , and the PL relation extended to periods as short as about 2 days. Candidate RR Lyrae stars were also observed in IC 1613 from ground- (Saha et al. 1992 ) and space-based imaging (Dolphin et al. 2001) , confirming the presence of a bona fide old population. More recent surveys by Mantegazza et al. (2001, and references therein) and the Optical Gravitational Lensing Experiment (OGLE) collaboration (Udalski et al. 2001 ) of a central ∼ 14 × 14 field led to the discovery of 128 and 138 Cepheids, respectively, although the small size of the telescopes used by both groups limited the sample to relatively bright, longperiod Cepheids. While all the Cepheids with periods longer than about 10 days in IC 1613 have most likely been discovered, very few have been found at the faint end of the PL relation (e.g., Dolphin et al. 2001) .
Here we present the analysis of very deep Hubble Space Telescope (HST) Advanced Camera for Surveys (ACS) data with the aim of searching for short-period variable stars. These data are part of a larger set obtained in the context of the LCID project 8 (C. Gallart et al. 2010, in preparation) . The depth and quality of the data also allow the reconstruction of the full star formation history (SFH) of this field located just outside of the core radius. The study of the stellar populations and SFH from the color-magnitude diagram (CMD) fitting technique will be presented in a companion paper (E. Skillman et al. 2010, in preparation) . The structure of the present paper follows closely that of Bernard et al. (2009, hereafter Paper I) in which we analyzed the properties of the variables in the dSph galaxies Cetus and Tucana. A summary of the observations and data reduction is presented in Section 2, while Sections 3 and 4 deal with the identification of variable stars and the sample completeness, respectively. In Section 5, we describe the sample of RR Lyrae stars, and the Cepheids are presented in Section 6. The eclipsing binaries and other candidate variables are presented in Sections 7-9. Our list of variables is cross-identified with the previous catalogs covering this field in Section 10. In Section 11, we use the properties of the RR Lyrae stars and Cepheids to estimate the distance to IC 1613 and compare it with the values of the literature. In the last section, we discuss the results and present our conclusions.
OBSERVATIONS AND DATA REDUCTION

Primary ACS Imaging
This work is based on observations obtained with the ACS onboard the HST of a field located about 5 west of the center of IC 1613. The field location was chosen to be far enough out in radius to minimize crowding effects for high-quality photometry, yet close enough in to maximize the total number of stars observed. As the goal of these observations was to reach the oldest main-sequence turnoffs with good photometric accuracy, 24 HST orbits were devoted to this galaxy. These were collected over about 2.4 consecutive days between 2006 August 28 and 30. Each orbit was split into two ∼1200 s exposures in F475W and F814W for an optimal sampling of the light curves. The complete observing log is presented in Table 1 .
The DAOPHOT/ALLFRAME suite of programs (Stetson 1994 ) was used to obtain the instrumental photometry of the stars on the individual, non-drizzled images provided by the HST pipeline. Additionally, we used the pixel area maps and data quality masks to correct for the variations of the pixel areas on the sky around the field and to flag bad pixels. Standard calibration was carried out as described in Sirianni et al. (2005) , taking into account the updated zero points of Mack et al. (2007) following the lowering of the Wide-Field Channel temperature set point in 2006 July. We refer the reader to Monelli et al. (2010) for a detailed description of the data reduction and calibration. The final CMD is presented in Figure 1 (left panel), where the (F 475W + F 814W )/2 ∼ V filter combination was chosen for the ordinate axis so that the horizontal branch (HB) appears approximately horizontal.
The light curves of the Cepheids and RR Lyrae stars were converted to Johnson BVI magnitudes using the transformations given in Paper I. Since 12 of our Cepheids were also observed by the OGLE team in V and I (see Section 10), we could check the accuracy of our transformations. Ten out of the 12 stars in common have well-sampled light curves and accurately determined periods, although 6 of these only have V observations in the OGLE database because of their relatively low luminosities.
We find excellent agreement at all phases between the two photometry sets for 7 of the 10 usable stars. The remaining three present a shift in magnitude which ranges from ∼0.1 at maximum light to ∼0.5 for the faintest points. The comparison of the finding charts shows that this difference is due to contamination by nearby bright stars that are not resolved in the ground-based data. To illustrate this, in Figure 2 we compare the finding charts and photometry of the OGLE database with ours for two Cepheids (V106 and V154). For each Cepheid, we show 15 ×15 stamps from the OGLE I band and our F814W images, as well as the V and I light curves from both photometries. While both Cepheids are located in rather crowded fields, the stars close to V154 are relatively faint compared to the Cepheid. The ground-based and HST light curves are therefore overlapping perfectly. On the other hand, in the case of V106, the neighbors have a luminosity similar to that of the Cepheid, thus affecting the mean magnitude and amplitude of the OGLE light curve.
This test shows that our photometry in the Johnson bands, although transformed from a very different photometric system, is very reliable and can be safely used to analyze the properties of the variable stars, both in terms of magnitude and amplitude. This is emphasized in Section 11 where the distance to IC 1613 is calculated from Johnson luminosities and for which we find excellent agreement with previous measurements based on other methods.
Parallel WFPC2 Imaging
IC 1613 was also observed with the WFPC2 in the F450W and F814W bands as parallel exposures to the primary ACS observations. This provided the opportunity to analyze a second field with the same number of observations and a similar exposure time. The orientation of the ACS field was chosen such that the parallel WFPC2 field would sample a region further from the center of the galaxy (∼11 ) in order to study population gradients. The images from the Wide-Field chips were reduced individually as described in Turner (1997) , and calibrated following the instructions from the HST Data Handbook for WFPC2.
9 Given the small number of stars on the Planetary Camera, the photometry of this chip was performed on the stacked images only. The resulting CMD for the whole WFPC2 field of view is shown in the right panel of Figure 1 , where a 13 Gyr old isochrone from the BaSTI library (Pietrinferni et al. 2004) has been overplotted assuming A B = 0.123 and A I = 0.056 (Schlegel et al. 1998) for the F450W and F814W 9 http://www.stsci.edu/instruments/wfpc2/Wfpc2_dhb/wfpc2_ch52.html bands, respectively, and a dereddened distance modulus of 24.40 (see Section 11.3). Unfortunately, due to the lower sensitivity of the instrument with respect to the ACS, especially in the F450W band, the CMD does not reach the oldest main-sequence turnoffs. However, the lack of bright main-sequence stars in this outer field reveals the presence of a blue HB component, typical of old, low-metallicity stellar populations.
IDENTIFICATION OF VARIABLE STARS
The candidate variables were extracted from the photometric catalogs using the variability index of Welch & Stetson (1993) . This process yielded ∼780 candidates in the primary field. A preliminary check of the light curve and position on the CMD, together with a careful inspection of the stacked image, allowed us to discard false detections due to cosmic-ray hits, chip defects, or stars located under the wings of bright stars. This left us with Figure 1 overplotted on the CMD using their intensity-averaged magnitudes when available (see below). The individual F475W and F814W measurements for all of the candidate variables are listed in Table 2 , while the transformed BVI magnitudes are given in Table 3 . The period search was performed on the suspected variables through Fourier analysis (Horne & Baliunas 1986 ) taking into account the information from both bands simultaneously, then refined interactively by modifying the period until a tighter light curve was obtained. For each variable, data points with error bars larger than 3σ above the mean error bar size were rejected through sigma clipping with five iterations. As the periodfinding program is interactive, it was possible to selectively reject more or less data points depending on the light-curve quality before recalculating the periodogram. However, except in few particular cases, we found that the period search was not affected by a few bad points. Given the short time base of the observations (<3 days), the periods are given with three significant figures only. The accuracy of period determination was estimated from the degradation of the quality of the light curves when applying small period offsets. It mainly depends on the period itself and on the time interval covered by observations, and ranges from about 0.001 days for the shorter period RR Lyrae stars to few hundredths of a day for the longest period Cepheids.
The classification of the candidates was based on their lightcurve morphology and position in the CMD. We found 90 RR Lyrae stars, 49 Cepheids, 38 eclipsing binaries, and 5 candidate δ-Scuti stars. A significant number of variable candidates were also found along the main sequence. For most of these, however, we could not find a period that would produce a smooth light curve. In the following, we will simply refer to these variables as main-sequences variables (MSVs), although most of them are probably eclipsing binaries.
To obtain the amplitudes and intensity-averaged magnitudes of the monoperiodic variables in the instability strip (IS), we fitted the light curves with a set of templates based on the set of Layden et al. (1999; see Paper I) . The amplitudes of the double-mode RR Lyrae stars were measured from a low-order Fourier fit to the light curve phased with the primary period after prewhitening of the secondary period. The mean magnitude and color of the variables for which we could not find a period are weighted averages from the ALLFRAME photometry and are therefore only approximate. two Cepheids. However, the low signal-to-noise ratio (S/N) of the individual measurements produced rather noisy light curves and some low-amplitude variables might have been missed. Given the small number of variables in the parallel field and the generally lower quality of their photometry and inferred parameters, we only give their coordinates and approximate parameters in Table 6 for completeness. These variables will not be taken into account when calculating average properties of the IC 1613 variable star population.
COMPLETENESS AND AREAL COVERAGE
In this section, we analyze the effects of stellar crowding and S/N limitations, temporal sampling, and spatial coverage on the completeness of our Cepheid and RR Lyrae star samples.
The high spatial resolution of the ACS and the depth of our data imply that incompleteness will become noticeable well below the HB. Artificial-star tests (E. Skillman et al. 2010, in preparation) indicate that the completeness is higher than 98% at (F475W+F814W)/2 ∼ 25.0. Therefore, down to these magnitudes only variables with amplitude of the order of the error bars at this magnitude (∼0.1) might have been missed. However, variables fainter than the HB (e.g., SX Phoenicis and/ or δ-Scuti) have probably been missed due to crowding and low S/N. In addition, even though these variables are present in this galaxy (see Section 8), the relatively long exposure time smoothing out the variations in luminosity and the rather slow temporal sampling hampered the detection of these short-period variables.
We also estimate the completeness due to temporal sampling by carrying out numerical simulations in the same way as described in Paper I. The detection probability is presented in Figure 3 . In the upper panel, the maximum period that is displayed is limited by the observational time base (∼3 days). Note that even though it is possible to detect variable stars with periods longer than the observation time base, it is not feasible to determine their periods. This figure also shows that the probability of detecting a variable star in the period range of RR Lyrae stars (∼0.2-0.8 days) is basically one. On the other hand, a significant dip is present at P ∼ 1 day, due to the observations being gathered at the same time of the day each day. While it might not prevent detecting variables at this period (most likely Cepheids) if their amplitude is larger than about ∼0.1, it seriously limits our capacity to find an accurate period (e.g., V150 in Figure 8 , V030 in Section 6.4).
As expected from the large extent of the galaxy compared to the field of view of the ACS, the main factor preventing us from obtaining a complete census of RR Lyrae stars and Cepheids in IC 1613 is the spatial coverage. Figure 4 shows the distribution of stars from our ACS and WFPC2 fields on top of ellipses representing the core radius (r c = 4. 5 ± 0. 9; Battinelli et al. 2007 ) and twice the core radius. Battinelli et al. (2007) estimated a tidal radius of 24. 4 ± 0. 3, ellipticity ε = 1 − b/a = 0.19 ± 0.02, and a position angle (P.A.) of 87
• , in good agreement with the values found by Bernard et al. (2007; P.A. = 80 • , ε = 0.15). Thus, the ACS field covers only about 1/160th of the area within the tidal radius. If we assume that the distribution of variable stars follows that of the overall population, we can estimate the total number of RR Lyrae stars and Cepheids within the tidal radius as described in Paper I. Basically, we adopt the shape and orientation of the isodensity contours from Battinelli et al. (2007) to divide our sample of variable stars into elliptical annuli. The area of these annuli was obtained through Monte Carlo sampling, from which we could calculate the density profile of the variable stars. Using this profile with the core and tidal radii of Battinelli et al. (2007) as input to Equation (21) of King (1962) , we estimate that there should be about 2100 RR Lyrae stars and 1400 Cepheids within the tidal radius of IC 1613. Therefore, our ACS sample represents about 4% of the total number of RR Lyrae stars and Cepheids.
RR LYRAE STARS
ACS Sample
In our ACS field, we detected 90 RR Lyrae stars, all of them new discoveries (see Section 5.3). From the periods and light-curve shapes, we identified 61 of them pulsating in the fundamental mode (RRab), 24 in the FO mode (RRc), and five in both modes simultaneously (RRd). The light curves of all the RR Lyrae stars are shown in Figure 5 .
We find the mean periods of the RRab and RRc to be 0.611 and 0.334 days, respectively. These values, as well as the fraction of FO f c = N c /(N ab + N c ) = 0.28, place IC 1613 in the gap between the Oosterhoff type I and type II groups (Oo-I and Oo-II). IC 1613 therefore joins the majority of dwarf galaxies in the Local Group (LG) as an Oosterhoff intermediate galaxy, the only real exceptions among the dSphs with well-sampled HB to date being Ursa Minor (Nemec et al. 1988) and Boötes ).
In Figure 6 , we show the period-amplitude diagram (top) and the period distribution (bottom) of the RR Lyrae stars. The top panel shows that the distribution of the RRab of IC 1613 in period-amplitude space is very similar to that of Tucana, both in terms of slope and dispersion around the fit. The slight shift toward shorter periods of the RRab stars of IC 1613, compared to those of Tucana, might be explained by the higher metallicity of IC 1613.
However, the distribution of fundamentalized periods appears to be bimodal, as shown by the fit of two Gaussian profiles (solid gray line) in the bottom panel, with peaks at P = 0.478 and 0.614 days. Given the separation between the two peaks and the small uncertainty on the periods ( 0.001 days), it seems unlikely to be caused by stochastic effects only. To check the reliability of the observed bimodality, we applied the KMM test of Ashman et al. (1994) to the sample of RRab periods. The algorithm estimates the improvement of a two-group fit over a single Gaussian, and returned a p-value of 0.075. This can be interpreted as the rejection of the single-Gaussian model at a confidence level of 92.5%, and therefore indicates that a bimodal distribution is a statistically significant improvement over the single Gaussian.
Note that the distribution of periods of the RRab alone is also bimodal, although the small number of RRab in the short-period peak does not exclude a result due to small number statistics. In addition, the location of the peaks (at P = 0.494 and 0.615 days) does not seem to correspond to the superposition of Oo-I and Oo-II samples, as is the case in NGC 1835 (P ∼ 0.54 and 0.65 days; Soszyński et al. 2003) .
The bimodality might nonetheless be due to the presence of two distinct old populations, as was already observed in the case of Tucana (Bernard et al. 2008) . Figure 7 presents a zoom-in of the CMD centered on the HB. Zero-age horizontal-branch (ZAHB) loci and tracks from the scaled-solar models of the BaSTI library (Pietrinferni et al. 2004 ) are also shown, plotted assuming a reddening of E(B − V ) = 0.025 from Schlegel et al. (1998) , and a distance modulus of 24.49. This distance takes into account the true distance modulus (m−M) 0 = 24.44 determined in Section 11.3 based on these data and a shift of +0.05 to correct for the updated electron-conduction opacities (Cassisi et al. 2007 ). This figure shows that more than half of the RR Lyrae stars are concentrated in the faintest ∼0.1 mag of the IS, while the other half is spread over ∼0.3 mag above. From the evolutionary tracks, it appears that most of the variables belong to the fainter, more-metal-rich sample; these stars tend to have shorter periods. The brighter variables, on the other hand, appear to be related either to the Z = 0.0001 population or to stars with slightly higher metallicity (Z ∼ 0.0003) that have evolved off the blue HB visible on the WFPC2 CMD in Figure 1 .
In any case, the range of luminosity covered by the HB stars within the IS cannot be explained by a monometallic population, even taking into account evolution off the ZAHB. Given that RR Lyrae stars are old stars ( 10 Gyr), this implies a relatively quick chemical enrichment in the first few billion years of the formation of the galaxy.
WFPC2 Sample
In the parallel WFPC2 field, we discovered nine RR Lyrae stars (four RRab, four RRc, and one RRd), even though the low S/N of the observations did not allow us to measure their periods as accurately as for the variables in the ACS field of view. Based on the small samples of RR Lyrae stars, we find P ab = 0.59 ± 0.03 and P c = 0.35 ± 0.01 for the fundamental and FO pulsators, respectively, which is in rough agreement with the values found for the RR Lyrae stars in the ACS field of view. We provide their coordinates and approximate properties for completeness in Table 6 .
Comparison with Known RR Lyrae Stars in IC 1613
Prior to our study, two surveys for variable stars found candidate RR Lyrae stars in IC 1613, although none of them in common with those presented here as the pointings did not overlap. Using the 4-Shooter on the Hale 5 m telescope, Saha et al. (1992) found 15 candidate RR Lyrae stars in an 8 × 8 field of view located 12 to the west of the galaxy center. From their Table 3 , we calculated a mean period for the RRab of 0.60 ± 0.02 days, which is in good agreement with our value. We note, however, that all their RR Lyrae stars are of the ab type and on average appear brighter by about 0.3 mag than expected from the distance and metallicity of IC 1613 (see also Section 11). While some RRc stars could have been missed due to their low amplitude and the relatively noisy light curves, some of them might have been misidentified as RRab because of the small number of data points. Alternatively, given that crowding seems to be insignificant in this field-according to the finding charts-and that their RRab span a range of luminosity of over one magnitude, we suspect that some of their RR Lyrae candidates could actually be short-period Cepheids. The analysis of WFPC2 data by Dolphin et al. (2001) in a field 7. 4 southwest from the center, on the other hand, returned 13 RR Lyrae candidates. Assuming that the likely and possible overtone pulsators are actual RRc, their field contains nine RRab and four RRc with mean periods of ∼0.58 ± 0.02 and ∼0.37 ± 0.03 days, respectively. This is very similar to the values we found for our WFPC2 field. The slightly shorter mean period for the RRab, when compared to our ACS sample, may be due to the difficulty in detecting the low-amplitude, longer period variables because of the lower quality of the data.
In any case, these samples at larger radii are not large enough for a robust comparison with the ACS sample in order to reveal potential gradients in the properties of the RR Lyrae stars as was done for the Tucana dwarf in Bernard et al. (2008) . In the case of Tucana, the ACS field of view covered a larger fraction of the radius of the galaxy, allowing a radial gradient study within the ACS field alone. 
CEPHEIDS
In the search for variable stars presented here, we found 44 variables with properties of Cepheids: about 2 mag brighter than the HB, in or close to the IS, and P 0.6 days. Their light curves are shown in Figure 8 . Another five were found for which we could not determine their period and/or intensity-averaged mean magnitude due to inadequate temporal sampling. These are discussed in Section 6.4. Figure 9 shows the period-W 814 diagram for the Cepheids in IC 1613. Because Cepheids from the different modes of pulsation have a different magnitude at a given period, their location in the PL diagrams can be used to differentiate their type. These PL relations are fundamental in that they represent the most robust method to calculate the distance to galaxies within the nearby universe. To reduce the scatter due to interstellar extinction and the intrinsic dispersion due to the finite width of the IS, and to obtain a more secure classification, we calculated the Wesenheit, or reddening-free, magnitude introduced by van den Bergh (1968) . In the HST bands used here, the relation is of the form
where the coefficient 0.945 comes from the standard interstellar extinction curve dependence of the F814W magnitude on E(F475W−F814W), from Schlegel et al. (1998) . Figure 9 shows two almost parallel sequences, and correspond to the fundamental (F, open circles) and FO (filled circles) Cepheids, respectively. A few outliers are marked as open triangles (V006 and V091) and a filled square (V126), and are discussed in Sections 6.2 and 6.3, respectively. From this plot, we find that 25 Cepheids are pulsating in the fundamental mode, while 16 fall on the FO sequence. labeled in the inset. The apparent magnitudes were converted to absolute magnitude assuming a distance modulus of 18.515 ± 0.085 to the LMC (Clementini et al. 2003 ) and a distance offset of 0.51 of the SMC relative to the LMC (Udalski et al. 1999d ). The Cepheids of IC 1613 were shifted according to the distance determined in Section 11. It shows that the properties of the Cepheids discovered in our field are in excellent agreement with the properties of OGLE Cepheids, therefore confirming their classical Cepheid nature. However, one can see that the Cepheids in IC 1613 (both ours and OGLE) are mainly located toward the short-period extremity of the fundamental and overtone sequences when compared to the Cepheids in the Magellanic Clouds (MCs). Studies of the variable stars in the very metal-poor dwarf irregular galaxies Leo A (Dolphin et al. 2002) and Sextans A ) also revealed large numbers of short-period Cepheids. This agrees with the suggestion by Bono (2003) that "the minimum mass that performs the blue loop (decreases with decreasing metallicity, which) means that metal-poor stellar systems such as IC 1613 should produce a substantial fraction of short-period classical Cepheids." Interestingly, the IC 1613 fundamental-mode Cepheids perfectly follow the various PL relationships defined by the MC Cepheids over the whole range of periods, from ∼1 to ∼40 days (see Figure 10 ). This suggests that the metallicity dependence of these relations, if any, must be very small at such low metallicities.
The Peculiar Cepheids V037 and V054
Two of the Cepheids falling on the FO sequence in Figure 9 present very peculiar light curves. These are shown again in Figure 11 , plotted as a function of Julian Date (left) and phase (right).
In the top left panel, the amplitude of V054 seems to be decreasing at each consecutive maximum. The dispersion at maximum light on the phased light curves is reminiscent of the light curves of RRd stars, although in this particular case the periodogram does not present the double-peak features characteristic of double-mode stars. However, the rather long main period of this variable (0.633 days versus ∼0.39 days for RRd) limited the number of observed cycles to 4 and might explain the lack of resolution in the periodogram. In addition, the position of V054 on the PL diagrams, at the shorter period end, is in excellent agreement with the double-mode Cepheids pulsating simultaneously in the fundamental and FO mode presented in Soszyński et al. (2008a) .
In the case of V037, we found that the only period giving a smooth light curve is P = 1.44 days. However, as shown in the bottom right panel of Figure 11 , this produces a light curve with a secondary maximum at phase ∼0.6. If this period is confirmed to be true, this would be the second Cepheid with such a light curve in IC 1613 after V39 discovered by Baade (see Sandage 1971) . Note, however, that more recent observations and analysis of V39 (e.g., Mantegazza et al. 2001 ) favored a period only half that given by Sandage (1971, P = 14.350 versus 28.72 days) associated with a long-term modulation of ∼1100 days, which could correspond to an extremely distant W Vir star in the outer halo of the Milky Way (MW) blended with a long-period variable in IC 1613.
In our case, the short time base of our observations definitely rules out the possibility of long-term modulation. In addition, a shorter period for V037 cannot phase the light curve properly unless a strong modulation of the period itself is taken into account, which is very unlikely on such short timescales. Given that its position in the CMD and PL diagrams is exactly that expected from a Cepheid, in the following we will assume that V037 is a bona fide classical Cepheid.
Second-overtone Candidates V006 and V091
In the diagrams shown in Figures 9 and 10 , two Cepheids lie above the FO sequence in all panels. In particular, in Figure 10 , they follow the sequence representing the second-overtone (SO) pulsators found by the OGLE collaboration in the SMC. Their nearly sinusoidal light curve with very low amplitude in both bands ( 0.14 in F475W and ∼0.07 in F814W), as well as their location well within the IS, makes them very strong SO candidates. These are the first ones detected beyond the MCs.
Second-overtone classical Cepheids are very rare objects, as witnessed by the few firm candidates known to date: 13 out of 2049 classical Cepheids-0.42%-in the SMC (Udalski et al. 1999a ) and 14 out of 3361-0.63%-in the LMC (Soszyński et al. 2008a ). However, theoretical models by Antonello & Kanbur (1997) showed that these Cepheids are more likely to be found in low-metallicity systems, which is in qualitative agreement with the fraction of SO Cepheids in our IC 1613 sample, about 4%.
V126: A Blended Cepheid?
The light-curve morphology, luminosity, and period of V126 are all characteristic of a classical Cepheid. On the other hand, its color is 0.5 mag bluer than the blue edge of the IS, and therefore appears below the fundamental-mode pulsator sequence in the period-Wesenheit diagram shown in Figure 9 . Although it appears isolated on the stacked images, the most likely hypothesis is that it is a bona fide Cepheid blended with an unresolved main-sequence star. The low amplitude of its luminosity variation in both bands relative to the other Cepheids with similar periods seems to support this conclusion.
Other Candidates
Five Cepheids were observed for which we could not accurately determine their period and/or mean magnitude due to inadequate temporal sampling. We use the weighted mean magnitude given by ALLFRAME as their approximate magnitudes. They are shown as open stars in Figure 1 .
V030 has a period of ∼0.98 days, and was therefore observed at the same phase each day, at minimum light. Most of the rising phase and peak are missing so it was not possible to fit a template light curve and measure accurately its mean magnitude. From its approximate magnitude, its location on the PL diagram is consistent with the fundamental-mode Cepheids.
V090 has relatively low-amplitude (A 475 ∼ 0.15 and A 814 ∼ 0.11) and period 2 days P 4 days. From its location on the PL diagram it is a probable FO.
V124 is very bright and was previously known from groundbased observations (see Section 10). Given its very long period (∼26 days), our observations cover less than 10% of a cycle, so we did not try to obtain the mean magnitude from our data. It is shown in Figure 10 as the fundamental-mode OGLE Cepheid at log P = 1.41.
V137 was also present in the OGLE field, although their quoted period of 1.376 days does not provide a satisfactory fit to our data. Even though we could not obtain an accurate period for this variable, the 1.4 mag decrease in the F475W band over the first two days and the beginning of the third, and the subsequent increase imply a period in the range 2.7 days P 3.3 days, which would make it a fundamental-mode Cepheid. V151 is one of the brightest Cepheids of our sample, and thus has a period longer than our observational time base. Unfortunately, it is missing from the OGLE catalog so we can only constrain the period to the range 2.5 days P 3.1 days from the light-curve morphology. It places it on the PL relation of fundamental-mode Cepheids.
ECLIPSING BINARY STARS
A large number of variable star candidates were found in the main sequence, as can be expected from the fact that it is well populated from the turnoffs to the B giants. Most of the variables for which we could find a period are eclipsing binary stars. The remaining ones have properties of high-amplitude δ-Scuti stars (HADS) and are discussed in the following section, while the candidates for which the light curves could not be phased are presented in Section 9. Note that all of these stars are newly discovered variables.
In the ACS field of view, we found 38 eclipsing binaries between "V" ∼ 20.5 and ∼26.5. At fainter magnitudes, the S/N of the individual data points was too low to estimate the period and/or confirm variability. The light curves of the three brightest, three intermediate magnitude, and the three faintest binaries are shown in Figure 12 .
Given the small number of data points and relatively low S/N of most of the candidates, some periods might actually be multiples of the true periods. We thus did not try to assign them a particular type of binary (detached or contact)-although the variety of light-curve morphologies indicates that members of both kinds appear to be present-nor check for their membership in IC 1613.
Bright eclipsing binaries have been used to determine distances to LG galaxies with claimed accuracy better than about 5% (e.g., M31: Ribas et al. 2005; M33: Bonanos et al. 2006) . Unfortunately, the stars need to be bright enough (V max < 20) to accomplish this in a reasonable time with current observing facilities. Even though some of our eclipsing binaries have accurate periods and deep eclipses, none of them is brighter than V ∼ 20.4. 
CANDIDATE δ-SCUTI STARS
Among the candidate variables fainter than the HB that appeared to be periodic variables, most of them were found to be binaries and are described in the previous section. For some of these variables, however, it was possible to obtain a relatively smooth, pulsation-like light curve (i.e., with a single minimum) with a short period. This was the case for 13 variables, which were flagged as possible δ-Scuti stars. To further constrain their nature, additional parameters were taken into account. First, we required that their color be within the classical IS, defined approximately by the position of the Cepheids and RR Lyrae stars. The top panel of Figure 13 shows a zoom-in of the CMD showing the location of the IS, where the 13 possible δ-Scuti are shown as filled symbols. Eight of these fall within or close to the boundaries of the IS.
Given that the pulsations of the δ-Scuti stars, like the Cepheids and RR Lyrae stars are driven by the κ-mechanism, the second criterion was that the amplitude ratio had to be in agreement with that of the other pulsating variables. The bottom panel of Figure 13 shows the amplitude in F814W versus the amplitude in F475W for Cepheids, RR Lyrae stars, eclipsing binaries with good light curves, and the possible δ-Scuti stars. Only five satisfy this requirement, and are shown as filled stars in both panels. They also present relatively smooth light curves with very short periods ( 0.2 days). Their pulsational properties are summarized in Table 4 .
OTHER VARIABLES
In addition to the classical IS variables and eclipsing binaries presented above, we detected another 77 candidate variables throughout the CMD, for which we could not determine the period because of inadequate temporal sampling. Most of these candidate variables are located on the main sequence (MS), although five LPV candidates are also present at or close to the tip of the red giant branch (TRGB). While the majority of the MS candidates are most likely eclipsing binaries, at least in the brightest part of the MS might there be pulsating variables of the β Cephei or slowly pulsating B star types (see, e.g., Diago et al. 2008) . A sample of the brightest, intermediate, and the faintest light curves is shown in Figure 14 .
PREVIOUSLY KNOWN VARIABLES
The variable stars in our ACS field in IC 1613 that were already known prior to this work are presented in Table 7 . We give their index and period as measured from our data, as well as their identifications and periods in previous catalogs; most of them were discovered during the wide-field survey by the OGLE collaboration. Because of the relatively shallow magnitude limits of the other surveys, all are luminous Cepheids with relatively large amplitude.
Two of them, V124 and V172, were already included in Baade's catalog (Sandage 1971) as V11 and V35, respectively. These are the two brightest Cepheids of our sample, although the very long period of the former prevented us from measuring its intensity-averaged magnitude and period. Another candidate variable that was flagged as a possible Cepheid in Sandage (1971) and judged to be an irregular variable in Carlson & Note. a V11 and V35 from Sandage (1971) , and V1478C and V1465C from Mantegazza et al. (2001) . Sandage (1990) , V41 is constant within ∼0.02 and 0.05 mag in our F475W and F814W data and was not included in our catalog. Two other Cepheids appeared in Mantegazza et al. (2001) with periods similar to the ones found here within 0.01 days, while three LPV/Irr variables of their catalog appear constant in our data (V0762C, V1598C, and V1667C). However, all have very long periods ( 70 days) and/or low amplitude (A W h = 0.20) and their variation could have easily been missed in our data due to the short observing run.
The remaining variables were previously observed by OGLE (Udalski et al. 2001) . For most of them, the periods determined from our data agree well with theirs. However, the 1.376 day period given by OGLE for V137 cannot phase our data. Our sampling over three consecutive days clearly covers only about one cycle, so the period must be very close to P = 3 days.
By comparing the number of Cepheids observed by us and the OGLE team in the same field, we can obtain a rough estimate of the completeness of their survey. We found 49 Cepheids over the area of the ACS camera, while their sensitivity limited them to 12 detections. Assuming that the density of Cepheids is uniform in the central region of IC 1613, this means that about 500 Cepheids should be present in the 14 × 14 field observed by the OGLE collaboration. Given the extent of the galaxy, this value is roughly in agreement with the total number estimated in Section 4.
DISTANCE
In Paper I, we used the photometric and pulsational properties of the RR Lyrae stars to measure the distances to the dSphs Cetus and Tucana, and showed that the values we obtained are in excellent agreement with the distances obtained previously with independent methods. We therefore obtain here a RR Lyrae based distance for IC 1613 in the same way. Additionally, given the significant number of Cepheids we found in IC 1613 and the high quality of their light curves, together with their firm classification as fundamental, FO or SO pulsators, it is possible to calculate accurate distances from their properties as well.
In this section, we use several methods adopted in the literature to calculate the distance based on the photometric and pulsational properties of the Cepheids and RR Lyrae stars. In all cases, the intensity-averaged mean magnitudes in the Johnson bands are used. 
Cepheids
Period-Wesenheit Relation for Fundamental and First-overtone Cepheids
The main distance indicator for star-forming galaxies in the nearby universe is the relation between the period and the luminosity of their Cepheids, even though the slope and zero point of this relation might be slightly dependent on metallicity (e.g., Kennicutt et al. 1998; Sakai et al. 2004; Sandage & Tammann 2008) . However, from the analysis of nonlinear convective pulsations models, Fiorentino et al. (2007) showed that the I-band PL is not expected to show metallicity dependence at metallicities lower than that of the LMC (Z = 0.008), and that the effect of metal content on the P-M V relation is negligible below Z = 0.004. Given the low metallicity of the young stars in IC 1613 (Z ∼ 0.003), we will therefore assume that it is safe to estimate its distance by comparison with the properties of the Cepheids of the MCs.
Here we chose to derive a new P-W I (see Section 6) relation based on the Cepheids of both MCs instead of using the relations available in the literature for the following reasons: (1) first, the domain of validity for the PL relations of the literature starts at about P = 2.5 days (log P = 0.4; see, e.g., Udalski et al. 1999d; Fouqué et al. 2007) , while all our well-measured Cepheids have periods shorter than this value; and (2) the period distributions of the Cepheids in the LMC and SMC are very different from each other, with the peaks in the distribution at P ∼ 3.2 and 2.1 days for the fundamental and FO Cepheids in the LMC, and at P ∼ 1.6 and 1.3 days, respectively, in the SMC. While the period distributions of the Cepheids in IC 1613 (with the peaks at P ∼ 1.6 and 1.1 days) are very similar to those in the SMC, the distances to other galaxies are usually provided relative to a given LMC distance. In addition, the PL relation of the SMC presents a rather large dispersion due to the inclination of the galaxy with respect to the line of sight. We thus combined the Cepheids of both MCs assuming Δ(m−M) 0 = 0.51 ± 0.03 (Udalski et al. 1999d ) to improve the period coverage. This also has the advantage of canceling any small difference in slope that might be present between the PL relations of the LMC and SMC.
In addition, most of the Cepheids we observed in IC 1613 are located at the short-period end of the distribution, so any nonlinearity in the PL relation would lead to a different distance had the Cepheids had longer periods. Ngeow et al. (2009) showed that the PL relation in the Wesenheit magnitude W I is linear over the period range covered by the LMC Cepheids, while it is not in the V and I bands. Finally, the use of W I also limits the effect of interstellar reddening and thus reduces the scatter in the relation.
We calculate the P-W I relation from linear regression fits to the combined MC Cepheids from OGLE-II observations (Udalski et al. 1999b (Udalski et al. , 1999c over the whole range of periods after rejecting the outliers through sigma-clipping (2.5σ , five iterations). Assuming an LMC distance of (m−M) 0 = 18.515 ± 0.085 (Clementini et al. 2003) , we found W I,F = −3.435(±0.007) log P F − 2.540(±0.006), W I,FO = −3.544(±0.013) log P FO − 3.067(±0.007), for the fundamental and FO Cepheids, respectively, with a standard deviation of 0.096 in both cases.
The slope of our fundamental P-W I relation is marginally different from the slope found by other authors (e.g., W I,F / log P F = 3.313 ± 0.008; Ngeow et al. 2009 ; W I,F /log P F = 3.320 ± 0.011; Fouqué et al. 2007 ) based on the OGLE Cepheids of the LMC only, and may be an indication that this relation deviates from linearity at periods shorter than about 0.3 days. On the other hand, it is intermediate between the slopes found for the LMC and the values obtained for the Cepheids of the MW (e.g., Fouqué et al. 2007 , W I,F /log P F = 3.477 ± 0.074). We applied the P-W I relations derived above to the fundamental and FO Cepheids of IC 1613 shown in Figure 9 (excluding the two Cepheids located at the midpoint between the dashdotted and dashed lines, V008 and V093), and found (m−M) 0 = 24.50 ± 0.11 and 24.47 ± 0.12, respectively. The good agreement between these two values indicates that FO Cepheids can be safely used as distance indicators in the case where the pulsating mode of the Cepheids can be unambiguously identified.
We also calculated the distance to IC 1613 using the PL relation for fundamental-mode Cepheids given by Ngeow et al. (2009) to check if the small differences in slope and zero point described above would have a significant effect, but found a very similar value ((m−M) 0 = 24.55 ± 0.12) within the uncertainties.
Second-overtone Cepheids and the Period-Luminosity-Color Relation
From their theoretical work on SO Cepheids, Bono et al. (2001) noted that these variables follow a period-luminositycolor relation of the form M V = −3.961 − 3.905 log P + 3.250(V − I ).
Given the low amplitude of the luminosity variations and the very small temperature width of the SO IS, the standard deviation of this relation is only 0.004. It is thus possible to use it to determine distances with good accuracy. From the SO Cepheids observed in the SMC by Udalski et al. (1999a) and assuming E(B − V ) = 0.054, the authors found a distance of (m−M) 0,SMC = 19.11 ± 0.08 to the SMC through this relation.
Applying this relation to the two SO Cepheids described in Section 6.2, we find a distance modulus of (m−M) 0 = 24.54 ± 0.11. Note, however, that the distance to the SMC used in the previous section to obtain the period-W I relationship was 19.03, assuming an LMC distance of 18.515 ± 0.085 and a distance moduli difference of 0.51 ± 0.03. Taking into account this offset in zero point, we find that the true distance modulus to IC 1613 from SO Cepheids is 24.46 ± 0.11, in better agreement with the mean value determined below.
RR Lyrae Stars
Similar to what we did in Paper I, we also calculate the distance to IC 1613 using two methods based on the properties of the RR Lyrae stars, namely the luminosity-metallicity relation, which arises from the knowledge that the intrinsic luminosity of HB stars mainly depends on their metallicity, and the periodluminosity-metallicity (PLM) relation, based on the theoretical location of the IS in the PL plane.
The luminosity-metallicity relation we used in Paper I has the form 1.70 − log(0.638 f + 0.362), Salaris et al. 1993 , with the α-enhancement factor f set to zero) for the old population from the results of the SFH derived in E. Skillman et al. (2010, in preparation) , we find a luminosity for the HB of M V = 0.52 ± 0.12. The uncertainty was quantified through Monte Carlo simulations. This gives a distance modulus of 24.47 ± 0.12, or (m−M) 0 = 24.39 ± 0.12 after correcting for reddening.
The second method we used to determine the distance modulus consists of matching the PLM relation at the firstovertone blue edge (FOBE) of the IS from Caputo et al. (2000, their Equation (3) ) to the observed RRc. Basically, the theoretical limits of the IS are shifted in magnitude until the FOBE coincides with the observed distribution of FO RR Lyrae stars. Figure 15 shows the position of the IS (dashed lines) overplotted on the distribution of observed RR Lyrae stars in the V -log P plane.
Adopting the mean metallicity given above (Z = 0.0005), we derive a dereddened distance modulus of (m−M) 0 = 24.36, for which Caputo et al. (2000) give an intrinsic dispersion of σ V = 0.07 mag due to uncertainties associated with the various ingredients of the model. Combined with the errors in metallicity, mean magnitude, and period, we estimate a total uncertainty in this measure of the distance of ∼0.1.
Results
Since the distances derived in Sections 11.1 and 11.2 are consistent with each other and have similar uncertainties, we simply averaged them to obtain our best distance estimate and obtained a dereddened distance modulus of 24.44 (σ = 0.054), corresponding to a distance of 770 kpc.
A summary of the previous distance determination from the literature is given in Table 8 . The columns give the reddened distance modulus, the assumed or calculated reddening and LMC distance modulus, the observation band, and the method used to estimate the distance. We compare these values in Figure 16 , where the reddened moduli as given in the referenced articles are shown as pluses. To make this comparison more Vol. 712 meaningful, we also show the distance moduli corrected for a common reddening of E(B − V ) = 0.025 (Schlegel et al. 1998) and LMC distance modulus (m−M) 0 = 18.515 ± 0.085 (Clementini et al. 2003) . The reddening correction was done following the extinction law of Cardelli et al. (1989) with R V = 3.1.
The figure shows that all the measurements, independent of the method, are in excellent agreement with each other once set on the same scale. From these values (excluding the Saha et al. 1992 outlier), we find a mean dereddened distance of (m−M) 0 = 24.400 ± 0.014, where the uncertainty only includes the standard deviation of the different measurements. The vertical lines in Figure 16 indicate the mean and standard deviation (σ = 0.071) of these values. Therefore, we believe that the largest source of uncertainty on the distance to IC 1613 is systematic rather than statistical, and mostly lies in the calibration of the distance to the LMC.
DISCUSSION AND CONCLUSIONS
We have presented the results of a new search for variable stars in IC 1613 based on high-quality HST images. In the ACS field, we found 259 candidate variables, including 90 RR Lyrae stars, 49 Cepheids, and 38 eclipsing binaries, as well as nine RR Lyrae stars and two additional Cepheids in the parallel WFPC2 field. Only 13 of these variables were known prior to this study, all of them Cepheids.
We find that the mean periods of the RRab and RRc stars, as well as the fraction of overtone pulsators, place this galaxy in the intermediate regime between the Oosterhoff types, as was already observed for the vast majority of LG dwarf galaxies.
From the comparison with MC Cepheids through the PL diagram, we find that all our Cepheids are bona fide classical Cepheids, while the Cepheids in the dSph Cetus and Tucana discussed in Paper I were classified as anomalous Cepheids. The lack of classical Cepheids in the latter dwarfs is not surprising given the absence of significant star formation more recent than about 8-10 Gyr (Monelli et al. 2010 ). On the other hand, the reason for the apparent lack of anomalous Cepheids in IC 1613 is not clear. The SFHs calculated from deep CMDs (Skillman et al. 2003; E. Skillman et al. 2010, in preparation) indicate that it formed stars fairly constantly over the past 13 Gyr, so unless the formation of anomalous Cepheids is extremely sensitive to the metal content, anomalous Cepheids should also be present in IC 1613. Gallart et al. (2004) showed that both types of Cepheids were present in comparable numbers in the transition-type galaxy Phoenix, and possibly also in Leo A and Sextans A, all of them having very low metallicity (Z 0.0008). These authors suggest that the only requirements for the presence of both types of Cepheids in a galaxy are low enough metallicity (Z ∼ 0.0004) and star formation activity at all ages. At the other end of the dwarf galaxy metallicity spectrum, 83 anomalous Cepheids were discovered in the LMC (Soszyński et al. 2008b ), compared to the 3361 classical Cepheids that are present in the same catalog (Soszyński et al. 2008a) . This implies about 2.4 anomalous Cepheid per 100 classical Cepheid at the metallicity of the LMC (Z ∼ 0.008). If this fraction is representative for low-metallicity galaxies, about one anomalous Cepheid could be expected in our ACS field of view of IC 1613. However, Dolphin et al. (2002) showed how low-metallicity galaxies contain many more short-period classical Cepheids than higher metallicity galaxies at a given star formation rate due to morphology of the blue loops: at low metallicity, the blue loops extend further to the blue and thus cross the IS at fainter magnitudes. As a result of the stellar initial mass function, the fainter Cepheids are also more numerous. Therefore, the apparent lack of anomalous Cepheids in our field might simply be due to small number statistics. Given the low density of anomalous Cepheids expected in IC 1613, more data covering a large field of view are needed to check if anomalous Cepheids are actually present in this galaxy.
Finally, we used the properties of the RR Lyrae stars and Cepheids to estimate the distance to IC 1613, and found excellent agreement with the values previously determined. Combining all the measurements after correction for a common reddening and reference LMC distance, we find a true distance modulus to this galaxy of (m−M) 0 = 24.400 ± 0.014 (statistical), corresponding to 760 kpc. 
APPENDIX B FINDING CHARTS
The finding charts for the whole sample of variable stars are presented in the online version of this paper (Figure 17 ).
